In the mouse bone marrow micronucleus assay, it was studied whether micronuclei (MN) could be expelled from polychromatic erythrocytes (PCE) in a similar way to the main nucleus. To avoid the disrupting centrifugation step of the conventional bone marrow preparation procedure, the paintbrush technique was used in the present experiments. With May-Grtinwald-Giemsa staining of paintbrush slides, 5% of the colchicine (COL)-induced MN were found attached to the outside membranes of PCE and were regarded as extruded. Of the acrylamide (AA)-lnduced MN, 22% were extruded. After fluorescence in situ hybridization (FISH) of a total of 300 MN per chemical treatment with the mouse minor and major satellite DNA probes, 9.7% MN were extruded in the COL group and 83% MN were extruded in the AA group. FISH showed that 76% of the retained COL-induced MN were signal-positive, indicating that they contained entire chromosomes. With AA, 29% minor-positive and 283% major-positive retained MN were found, confirming its known clastogenicity. However, the observed frequency of signal-positive MN (1.7 MNPCEpo,/ 1000 PCE) in the AA group was about three times higher than in the control (0.5 MNPCEp^/lOOO PCE) which indicates that AA has aneugenic potential. FISH analysis of the extruded MN showed 72-100% major as well as minor signals. It is concluded that expelled MN contain mostly entire chromosomes.
Introduction
During erythrocyte maturation, the main nucleus is expelled. It is possible that large micronuclei (MN) undergo expulsion by the same mechanism as the main nucleus. To verify the existence of extruded MN, the preparation method was changed from the common smear method to the paintbrush method described by Styles et al. (1983) . This paintbrush technique avoids the centrifugation step and, therefore, may enable the observation of MN which are in the process of leaving the erythrocyte or have just left the erythrocyte and are still attached to the outer membrane. The question was 'do extruded MN exist and do they contribute significantly to the MN yield? ' Parton et al. (1991) described extruded MN induced by demicolcine which were mostly large in size. The second question then was whether these large extruded micronuclei contained entire chromosomes or acentric fragments.
In the past decade, centromere detection methods have been used to distinguish MN formed by acentric fragments from those formed by whole chromosomes (Miller et al., 1991 (Miller et al., , 1992 Salassidis et al, 1992; Miller and Nlisse, 1993; Farooqi et al., 1993; Schriever-Schwemmer and Adler, 1994) . For mice, the major DNA probe was used primarily; it hybridizes to the pericentric heterochromatic block. The major probe labels all chromosomes, except the Y chromosome, in a onedot pattern (Pietras et al, 1983; Miller et al, 1991; Weier et al, 1991) . Another centromere probe is the minor DNA probe which labels all chromosomes except the Y at or near the centromere in the kinetochore region with two dots, similar to the labelling by CREST antibodies (Broccoli et al, 1990; Moens and Pearlman, 1990; Schriever-Schwemmer and Adler, 1993) . The safest way to determine centromere-containing MN is to use double labelling with the major and the minor DNA probe (Eastmond et al, 1993; Chen et al, 1994; SchrieverSchwemmer and Adler, 1994) .
Currently, colchicine (COL) is used as a typical aneugen and as a positive control (Miller and Adler, 1989; Adler et al, 1991; Schriever-Schwemmer and Adler, 1994) . Acrylamide (AA) was tested for its possible aneugenicity. One of the best documented effects of AA is its clastogenicity in somatic and germinal cells. Chromosomal aberrations (chromatid gaps, breaks and exchanges) were observed in mammalian cell cultures (Moore et al, 1987; Tsuda et al, 1993) , °as well as in mouse bone marrow cells and in mouse spermatogonia (Shiraishi, 1978; Adler et al, 1988) after AA treatment. Furthermore, AA induced dominant lethal mutations, heritable translocations and specific locus mutations in male mouse germ cells (Shelby et al, 1987; Ehling and Neuhauser-Klaus, 1992; Gutierrez-Espeleta et al, 1992; Adler et al, 1994) . Aneugenicity data of AA are scarce, however, some studies in mouse bone marrow and spermatocytes indicate that AA has aneugenic potential (Gassner and Adler, 1995, 1996) .
The present experiments were carried out to verify the existence of extruded MN, to analyse whether these extruded MN contain lagging chromosomes and to analyse the aneugenicity of AA in the mouse micronucleus assay in vivo. To answer these questions, both chemicals were used at only one dose which previously had been shown to induce a high frequency of MN (Adler et al, 1988 (Adler et al, , 1991 .
Materials and methods

Chemicals and animal treatment
Male (lCH/ElxCSH/El)?! mice from the GSF animal colony were used at the age of 10-14 weeks weighing 25-29 g. Mice were injected i.p. at a volume of 0.1 ml/10 g body weight with 1 mg/kg of COL and 125 mg/kg of AA. COL and AA were purchased from Sigma (TJeisenhofen, Germany). Both compounds were dissolved in bidistilled water. Control animals were injected i.p. with equal volumes of bidistilled water.
Slide preparation
The mice were killed 24 h after treatment and the femurs were extracted. The femur was opened at the knee end, so that a paintbrush of size 0 or 00 could be inserted. The bone marrow was sampled by gently turning the paintbrush, which had been wetted with fetal calf serum (FCS), in the opening of the bone. The bone marrow was then brushed onto a silane-coated slide which had been wetted before with a drop of FCS. Five or six slides were made for each animal; these were dried at room temperature, fixed for 20 min in 90% methanol at -20°C and air-dried overnight The slides were stored in the freezer at -20°C until use. All slides were used for fluorescence in situ hybridization (FISH) with the exception of one slide per animal, which was stained with May-Grflnwald-Giemsa solution for conventional assessment of the MN frequencies (Adler, 1984) 
DNA probes
The murine -^satellite DNA probe (Saiki et al. 1988. Vissel and Choo. 1989) , a gift from H Zitzelsberger (GSF-Institut fUr Strahlenbiologie) was amplified and biotinylated as described elsewhere Rosette, 1988, 1990; Weier et al, 1991) . The biotinylated DNA probe was stored without further purification at -20°C until use.
The munne minor satellite DNA probe, pMKB6 (Wong and Rattner, 1988 ), a 273 bp fragment that represents approximately two tandem repeats, in plasmid pTZI9U, was a gift from B.Vig (Reno, USA). It was propagated in Eschenchia coli JM101 and separated with Midi-columns for DNA preparation (Diagen, Hilden, Germany). The plasmid DNA was biotinylated or labelled with digoxygenin by nick translation (Sambrock et al, 1989) The use of biolin and digoxygenin as haptens allowed the use of two DNA probes at the same time due to the possibility of different detection systems for the haptens.
Hybridization procedure FISH was carried out according to Pinkel et al. (1986) with slight modifications. Frozen slides were incubated for 8 min at 37°C on a warming plate and rehydrated in 2x 0.3 M sodium chloride/0.03 M sodium citrate (SSC, pH 7.0) for 5 min at room temperature prior to treatment with 0.1% Tnton X-100 in 2X SSC for 3 min in a moist chamber. After washing the slides in 2X SSC, they were fixed in 1 % paraformaldehyde for 5 min at room temperature
The slides were denatured for 10 min in 70% formamide, 2X SSC, pH 7.0 at 78°C and dehydrated in an ice-cold 70, 90 and 100% ethanol series After air-drying, the slides were brought to 37°C for <3 min on a wanning plate
The hybridization mix contained seven parts of the master mix 1 0 (50% formamide, 10% dextransulphate), one part of two different hapten-marked DNA probes (-20 ng/probe/slide) and one part of herring sperm DNA (500 |ig/ml). The hybridization mix was denatured for 5-10 min at 78°C and chilled on ice. Aliquots of 20 nl of the hybridization mix were added to the slides. The slides were covered with 24X50 mm coverslips and sealed with rubber cement. Hybridization was carried out overnight in a moist chamber at 37°C.
Signal detection
The slides were washed in 50% formamide, 2X SSC, pH 7.0 for 40 min at 44°C, followed by two washes for 15 min in PN buffer (0 1 M sodium phosphate, pH 8 0. 0.1% Nonidet P-40) at 37°C.
After incubation with 40 [i\ PNBR (PN buffer plus 5% blocking reagent and 0.02% sodium azide. Boehringer Mannheim, Germany) for 10 min the biotin-labelled probe was detected with 40 |il Cy3-streptavidin (1.33 |ig/ml. Dianova. Hamburg. Germany) in PNBR buffer for 20 min at room temperature in a moist chamber. Thereafter, the slides were washed twice in PN buffer for 10 mm each When necessary, the signals were amplified by up to two rounds of biolinylated anti-strcptavidin (5 (ig/ml. Vector Laboratories. Burlinghame. CA, USA) in PNBR buffer and Cy3-streptavidin. Between every detection step the slides were washed twice in PN buffer for 10 min each.
The digoxygenin-labelled DNA probe was visualized with 20-40 (il fluorescein isothiocyanate (FITC)-conjugated sheep anti-digoxygenin antibody (1:20 diluted in PNBR. Boehnnger Mannheim). These signals were enhanced by FITC-conjugated rabbit anti-sheep antibody (5 ng/ml in PNBR; Sigma) and when necessary by FITC-conjugated sheep anti-rabbit antibody (5 Hg/mJ in PNBR: Sigma).
After the end of the detection procedure, the slides were counterstained with 0.1-0.5 ng/ml 4'.6-diamidino-2-phenylin-doledihydrochloride (DAPI) for 3 min at room temperature and coverslipped in Vectorshield (Sigma). Slides were stored in the dark at 4°C and analysed by fluorescence microscopy (Zeiss Axiophot: 100 W mercury lamp) within a few days. The individual fillers had the following characteristics-for FTTC-HQ 480/40. HQ535/5O. for Cy3: HQ 535/50, HQ 610/75, (both Chroma Technology, Brauleboro, USA) and for DAPI: BP365. LP 397 (Zeiss, Germany). The microscopic images of the micronuclei were digitized with the computer program ISIS3 (MelaSystems. Altlussheim. Germany).
Microscopic and statistical analysis
The conventional micronucleus scoring and the signal analysis after doublecolour FISH libelling Mas performed in parallel on slides from throe animals per chemical treatment and two animals per .solvent control.
The con\entionall\ stained slides were microscopically anahsed at v 125O magnification for the presence of MN inside of or attached to polychromatic erythrocvtes (PCEi. Debns and possible nuclear fragments of ruptured apoptotic nucleated cells were clearly distinguished from true MN by shape and colour of PCE as well as MN. At least 1000 PCE were scored per animal. The PCE/NCE ratio was also evaluated. For signal detection 100 MN per animal were scored at XI250 magnification. The number of signals per MN were counted. The x 2 test was used to determine significant differences in the MN data.
Results
Paintbrush technique and conventionally analysed micronuclei
Instead of the widely used bone marrow smear technique the paintbrush technique described by Styles et al. (1983) was used to preserve cells undergoing enucleation and especially the expulsion of the MN from the erythrocytes. Figure 1 illustrates the expulsion process of micronuclei at the different stages: micronucleated PCE (a and b), PCE with MN still attached to the plasmalemma (extruded MN; c-e) and totally extruded MN (f). The frequencies of retained and extruded MN, the PCE/ NCE ratios and the MNPCEp^lOOO PCE obtained in the present experiments are shown in Table I . In the two solventcontrol animals, the average of 1.0 MN/1000 PCE is in the normal range for solvent controls in our laboratory and no extruded MN were found. At 24 h after treatment with 1 mg/kg COL, 7.3 retained MN/1000 PCE and 0.4 extruded MN/1000 PCE were found. Thus, 4.4% of all COL-induced MN were extruded. At 24 h after AA treatment, 4.7 retained MN/ 1000PCE and 1.3 extruded MN/1000PCE were observed with a dose of 125 mg/kg. Thus, 22.2% of all AA-induced MN were extruded. The MN frequencies in the treated groups (retained or total) were significantly higher than the control. No significant difference could be detected comparing the frequency of total (retained + extruded) MN to the retained MN frequency in either group.
To correlate the FISH data with the conventional MN data we calculated a MNPCEpog/1000 PCE frequency. For example, after treatment with COL, 7.7 MN/1000 PCE were found in the conventional MNT and 76% MN were centromere-positive, thus 5.9 MN/1000 PCE were calculated to be centromerepositive. For the control, 0.5 MN/1000 PCE and for AA 1.7 MN/1000 PCE were centromere-positive. The frequency of centromere-positive MN in the AA group was more than three times higher than in the control.
The MNNCE frequencies were between 0.25 and 0.5/1000 NCE in all groups (data not shown). Thus, no discrimination between MN induced in PCE and NCE was required for the FISH analysis since the NCE only contributed minimally to the total number of MN. No significant reduction of the PCE/ NCE ratio was found in either of the two treatment groups compared with the solvent control.
FISH double labelling with the minor and major DNA probes
Examples of retained and extruded MN with FISH using major and minor DNA probes are shown in Figure 2 .
The results of the total of 300 scored MN after double labelling with the minor and major probes are shown in Table  II . In the control, 80 (53.3%) of the 150 MN analysed showed no signal and 70 MN (46.7%) were double-labelled with the minor and the major probe. After treatment with 1 mg/kg of COL, 72 out of 300 (24%) MN showed no signal and 228 MN (76%) were major-as well as minor-positive. With 125 mg/kg AA, 215 MN (71.7%) of 300 MN analysed had no signal, two MN (0.7%) were minor-positive only and 85 MN (28.3%) were double-labelled with the minor and major DNA probe. 
Discussion
The purpose of the present study was to verify whether: (i) extruded MN could be detected; (ii) extruded MN contained lagging chromosomes; and (iii) AA had an aneugenic effect.
The present results using the paintbrush method for the conventional micronucleus staining yielded MN frequencies for all groups which were a little lower than the published data (Adler et al, 1988 (Adler et al, , 1991 Schriever-Schwemmer and Adler, 1994) . For the control, the MN frequency of 1.0/1000 PCE agreed well with the published data. For COL, SchrieverSchwemmer and Adler (1994) found 10.5 MN/1000 PCE and Adler et al. (1991) found 12.3 MN/1000 PCE compared with the 7.3 retained MN in the present study. For AA, Adler et al. (1988) found 8.8 MN/1000 PCE compared with 4.7 retained MN/1000 PCE in the present study. These lower MN frequencies could be due to a better preservation of all erythrocytes so that no loss of erythrocytes occurred as it may when a centrifugation step is involved or to inter-animal variation and the small number of animals in the present study. Parton et al. (1991) analysed the amount of extruded MN after treatment of mice with demicolcine and cyclophosphamide using the paintbrush method to preserve cells undergoing enucleation. Treatment with demicolcine, a classical aneugen, caused relatively high frequencies of extruded MN (15-40% of all MN), however, no extruded MN were observed after treatment with cyclophosphamide, a classical clastogen.
In this study, using May-Grtlnwald-Giemsa staining, no extruded MN were found in the control, however, after treament with COL, 4.4% of all MN were extruded and after treatment with AA, 22.2% of all MN were extruded (Table I ). Using FISH labelling, 4.0% MN were extruded in the control, 9.7% in the COL group and 8.3% in the AA group (Table IV) . The results indicate that scoring only retained MN may underestimate the true level of MN induction, however, the difference between total and retained MN in our experiments was not significant. Extrusion of MN is not only a property of demicolcine, as argued by Parton et al. (1991) , but the extrusion of MN can be observed with other chemicals, as in the present study with COL and AA. Thus, the extrusion of MN may be a common phenomenon.
To verify whether the extruded MN contain lagging chromosomes or acentric fragments, FISH analysis with the minor and major DNA probes to detect the centromeres was carried out. This technique makes it possible to discriminate between MN formed by clastogens and by aneugens (Miller et al., 1991; Chen et al., 1994; Schriever-Schwemmer and Adler, 1994) . The discrimination is particularly important for chemical clastogens which may also have aneugenic potential. Such chemicals may interact with the targets for chromosomal missegregation on the chromosomal level, i.e. with kinetochore proteins, centromeric DNA or telomeres.
In control animals, the yield of MN with minor and major signals was identical, i.e. 46.7% of the 150 MN analysed (Table II) . This result was in the same range as for controls of other in vivo bone marrow MN studies (Vanderkerken et al., 1989; Miller et al, 1991; Schriever-Schwemmer and Adler, 1994) .
After treatment with the classical spindle poison COL, the FISH labelling with the minor and major probe gave comparable results (Table II) , i.e. 76% of the MN contained entire chromosomes as evidence by concurrent minor and major signals. This result was slightly higher than that of previous studies when between 67% major-positive MN and 75% minorpositive MN were found (Miller et ai, 1991; SchrieverSchwemmer and Adler, 1994) . AA is a well-known clastogen (Shelby et ai, 1987; Adler et ai, 1988 Adler et ai, , 1994 Gutierrez-Espeleta et ai, 1992) and a suspect aneugen (Adler et ai, 1993; Gassner and Adler, 1996) . In the present study, 29% MN were minor-positive and 28.3% MN were major-positive. Thus, AA-induced MN containing acentric fragments were 2.5 times more frequent than AAinduced MN containing lagging chromosomes (Table II) . However, the frequency of positive MN was more than three times higher after AA treatment than in the control, i.e. 1.7 MNPCEpos/1000 PCE versus 0.5 MNPCE^/IOOO PCE (Table  II) . Therefore, AA has to be regarded as having an aneugenic potential in addition to its clastogenic activity.
The distribution of the signal frequencies among the doublelabelled MN show 82-95% of the double-labelled MN have one or two minor signals and 96-99% have one or two major signals, indicating that these MN contained whole chromatids or chromosomes (Table III) . These distribution results are very similar to earlier observations in experiments with COL and mitomycin C in our laboratory (Schriever-Schwemmer and Adler, 1994) .
The MN ratios found using the FISH technique also included extruded MN, which were still attached to the erythrocyte membranes. In the control, 4% of the analysed MN were extruded. After COL treatment, 9.7% MN were extruded, and after AA treatment, 8.3% were extruded (Table IV) . In the controls, 100% of these extruded MN showed major as well as minor signals. In the COL group, 86% and in the AA group, 72% of the extruded MN showed major as well as minor signals. Thus, only 0-28% of the extruded MN were without any signals. The signal negative extruded MN frequency was higher in the AA group which may be due to the stronger clastogenicity of AA. We conclude that: (i) extruded MN do exist; (ii) mostly MN formed by lagging chromosomes stand a risk of expulsion, however, also MN containing acentric fragments can be expelled from the erythrocytes: and (iii) A A has aneugenic potential.
